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We report a measurement of the fraction of dijet events with a rapidity gap between jets produced
by color-singlet exchange in �pp collisions at

p
s = 630 GeV at the Fermilab Tevatron. In events

with two jets of transverse energy E
jet

T > 8 GeV, pseudorapidity in the range 1:8 < j�jetj < 3:5
and �1�2 < 0, the color-singlet exchange fraction is found to be R = [2:7� 0:7(stat)� 0:6(syst)]%.
Comparisons are made with results obtained at

p
s = 1800 GeV and with theoretical expectations.

PACS number(s): 13.87.Fh, 12.38.Qk, 13.85.Hd
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Experiments in �pp collisions at
p
s=1800 GeV at the

Fermilab Tevatron [1{3] and in photoproduction at 135 <
Wp < 280 GeV at HERA [4] have established the ex-
istence and measured the rate of production of events
with a rapidity gap between jets attributed to a strongly
interacting color-singlet exchange (CSE). A rapidity gap
is a region in pseudorapidity [5] in which there are no
charged or neutral particles. In the usual production of
jets through the exchange of a quark or a gluon, particles
associated with the net color ow are commonly present
between the jets. Rapidity gaps may be formed by uc-
tuations in the particle multiplicity, but the probability
for such gaps is expected to decrease exponentially with
increasing gap width. In contrast, a CSE signal should
not depend strongly on gap size. This feature has been
proposed [6] as a signature for CSE production. The
fraction of CSE to all dijet events was measured to be
� 1% at the Tevatron and � 7% at HERA. No strong
dependence of this fraction was found [3] on jet trans-

verse energy, Ejet
T , or pseudorapidity separation between

the jets, ��.
Models proposed [6{16] to describe the Tevatron and

HERA data may be distinguished by their predictions for
the CSE fraction and its dependence on Ejet

T , �� andp
s. In this paper, we present a measurement of the CSE

fraction and its Ejet
T and �� dependence for dijet events

at
p
s = 630 GeV, and compare the results with those

we obtained at
p
s = 1800 GeV [3] and with theoretical

expectations.
This study is modeled after our study at 1800 GeV [3],

in which the CSE signal in events with two jets of
Ejet
T > 20 GeV, 1:8 < j�jetj < 3:5 and �1�2 < 0 was ex-

tracted from an analysis of the particle multiplicity distri-
bution in the (central) pseudorapidity region j�j < 1. The
scaling variables xT and x of these jets, corresponding to
the transverse and longitudinal momentum fractions of
the interacting partons, are given by xT = 2ET=

p
s and

x � (xT=2) ej�j. The events collected at 630 GeV contain
jets within the same ��region as the events at 1800 GeV,
but with Ejet

T > 8 GeV, so that the same �jet at the two
energies corresponds approximately to the same x-value.
At both energies, the Ejet

T was de�ned as the sum of the
calorimeter ET within an � � � cone of 0.7 (see [17] for
jet clustering algorithm). The components of the CDF
detector relevant to this study have been described in [3].
The 630 GeV data sample consists of 2760 events with

two or more jets above the jet ET cut of 8 GeV. Events
are classi�ed as same-side (SS) if �1�2 > 0 and opposite-
side (OS) if �1�2 < 0. There are 1420 SS and 1340 OS
events in the data sample, of which 934 SS and 860 OS
have one reconstructed vertex within jzvtxj < 60 cm and
are used in this analysis. Events with no reconstructed
vertex (< 1%) are included in this \single-vertex" sam-
ple. The single-vertex requirement was imposed to reject
events due to multiple �pp interactions producing one or
more additional \minimum bias" (MB) events. An over-
lay of one or more MB events on a dijet event could

obscure a rapidity gap. At the average luminosity of
hLi = 1:3� 1030 cm�2 s�1 of the 630 GeV run, 17.6% of
all dijet events are expected to have additional interac-
tions.
As in the 1800 GeV study [3], we search for the CSE

rapidity gap signal in the OS sample by comparing OS
particle multiplicity distributions within a �xed central �-
region between the jets with corresponding distributions
of the SS sample, for which no central rapidity gaps due
to CSE are expected [3]. For the purpose of this analysis,
a \particle" is de�ned as a track of pT > 300 MeV/c or
a calorimeter tower of detector ET > 200 MeV, corre-
sponding to a true ET >� 300 MeV.
Figure 1 shows (a) the track and (b) the calorimeter

tower multiplicity distributions in the regions j�j < 0:9
for OS events and j�j < 1:05 (j�j < 1:2) for tracks (tow-
ers) for SS events. The widths of the SS �-regions were
chosen larger than those of the OS �-regions to ensure
the same mean values of track and tower multiplicity.
The SS distributions were normalized to the number of
OS events in the regions with Ntrack > 0 or Ntower > 2;
the normalization factor was C = 0:89. Also shown in
Fig. 1 are distributions for the di�erence between OS
and SS multiplicities, normalized to the SS, de�ned as
D � (NOS �NSS )=NSS , where NOS (NSS ) is the num-
ber of OS (SS) events in each bin. As an uncertainty in

D we take �D � p(1 + C)=NSS, which represents the
1� deviation of the OS distribution from an expectation
based on the SS distribution. A CSE signal should ap-
pear as an excess in D in the Ntrack = 0 bin; in the tower
case, the excess is expected to spill over into the next two
bins due to calorimeter noise and possibly 's from decays
of �0's associated with the jets [3]. The mean values of
the di�erences expected in the Ntrack = 0 bin, Dtrk

0 , and
in the Ntower = 0; 1; 2 bins, Dtower

0;1;2 , for normal color ex-
change (CE) are shown as open circles; they were evalu-
ated by extrapolating �ts (solid lines) made to the values
of D in the regions of Ntrack > 0 and Ntower > 2. To ac-
count for possible small di�erences in the overall shapes
of the OS and SS distributions, quadratic rather than
linear �ts were used. The excess seen in the Ntrack = 0
bin and in the (combined) Ntower = 0; 1; 2 bins is at-
tributed to CSE. The CSE signal may be evaluated in-
dependently from the track or tower distribution using
NCSE = NOS�NCE , where NCE is the expectation from
CE. In the case of tracks, NCE = NSS �(1+Dtrk

0 ��Dtrk
0 );

for towers, the �rst three bins are used.
The track distributions, Figs. 1(a,c), have 60 OS

and C � 38 = 33:9 (normalized) SS events in the
Ntrack = 0 bin, where the extrapolated di�erence is
Dtrk
0 = �0:11 � 0:13. These numbers yield NCE =

[33:9� 5:5(stat)] � (1 + Dtrk
0 � �Dtrk

0 ) = 30:2� 6:6 and
NCSE = 29:8� 7:7 (stat) � 6:6 (syst), where as statisti-

cal uncertainty in NCSE we take the
p
NOS =

p
60 = 7:7

and as systematic the uncertainty in NCE . The expected
number of NCE = 30:2� 6:6 events could uctuate with
a standard deviation � =

p
6:62 + 30:2 = 8:6. Based
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on an expectation of 30:2� 8:6 OS events from CE, the
probability of a statistical uctuation to � 60 events is
2:3� 10�4 (3:5�).
In the case of tower multiplicities there are 70 OS and

C � 45 = 40 SS events in the �rst three bins. Following
the same procedure, we �nd NCSE = 29:1� 8:4 (stat)�
7:9 (syst), which is consistent with the result obtained
from tracking. Because of the correlation expected be-
tween track and tower multiplicities, both for CSE and
CE events, we will use below only the tracking result to
evaluate the CSE fraction.
The single-vertex selection cut, which was imposed to

reject events from multiple interactions, also rejects sin-
gle interaction events with extra vertices caused by con-
fusion in reconstruction due to the high particle multi-
plicities. For CE events, the single-vertex e�ciency is
[79�3(syst)]%, determined by the ratio of the measured
fraction of single-vertex events (65.0%) to the fraction ex-
pected from the instantaneous luminosity (82.4%). For
CSE events, the e�ciency is found to be 100+0�3% by com-
paring the number of rapidity gap events in the single-
vertex sample with the number in the entire sample. Us-
ing the number of CSE events from the track multiplicity
analysis and correcting it for the single-vertex e�ciency,
the fraction of CSE to all dijet events is found to be

R630 = [2:7� 0:7(stat)� 0:6(syst) = 2:7� 0:9]%

At
p
s = 1800 GeV, the measured CSE fraction was [3]

R1800 = [1:13� 0:12(stat)� 0:11(syst) = 1:13� 0:16]%.
The ratio of the CSE fractions at the two energies is

R630=1800 = 2:4� 0:7(stat)� 0:6(syst) = 2:4� 0:9

We have studied some properties of the CSE signal
by comparing distributions obtained from the following
three samples of events: (a) the \gap" sample, consisting
of the events with both Ntrack = 0 and Ntower = 0; 1; 2
{ these events contain the CSE signal, as well as a back-
ground due to CE, estimated from an analysis of the
two-dimensional track-tower OS and SS distributions to
be (45 � 12)%; (b) a \control" sample, consisting of the
events with 1-3 tracks and 0-6 hit towers; and (c) the
\total" OS dijet sample. Comparisons are made between
the ratios of gap/total and control/total events. Kine-
matic constraints imposed by the rapidity gap require-
ment, as well as systematic uncertainties due to detector
e�ects, such as tracking e�ciencies, largely cancel out in
comparing these ratios, so that any di�erences seen may
be reasonably attributed to the CSE content of the gap
sample.
Figure 2 shows the ratios of number of gap and con-

trol sample events to the total number of OS events,
corrected for the single-vertex e�ciency, as a function
of �� � j�1 � �2j=2, which is half the rapidity interval
between the jets, and as a function of the average ET

of the two jets, E�
T . The control sample distributions

are normalized to the estimated 45% background in the
gap sample. The CSE fractions, obtained by subtracting

the background from the gap distributions and normaliz-
ing to the tracking result, are compared with those fromp
s = 1800 GeV in Fig. 3.
We have also extracted the CSE fractions at the two

energies as a function of the scaling variables x and xT
of the jets. The results are shown in Fig. 4 (a,b) as a
function of (a) x1; x2 (two entries per event), and (b) x�T ,
the mean value of the xT of the two leading jets. The
solid (dashed) horizontal lines in Figs. 3,4 (a,b) represent
the average value of the CSE fraction, R1800 (R630). The
�2=d:o:f: of the data points relative to the average frac-
tion is 1.53 (0.98), 0.31 (0.66), 0.30 (0.31) and 0.31 (0.66)
for the ��, E�

T , x and x
�
T distributions at 1800 (630) GeV,

respectively.
In general, the CSE fraction shows no strong depen-

dence on ��, E�
T , x or x

�
T . In the statistically more signif-

icant 1800 GeV data, the �� distribution appears to drop
at large ��, while the E�

T (x�T ) distribution is consistent
with being at. The x-dependence is remarkably at over
the entire region of the measurement, 0:1 < x < 0:7.
In Fig. 4 (c,d) the x and xT distributions of the CSE

fraction of the 1800 GeV data are compared with the cor-
responding distributions of the ratio of CE dijet events
due to quark-(anti)quark scattering to all CE dijet events
produced by a HERWIG [18] Monte Carlo simulation
(solid line), including a simulation of the CDF detector.
The rise of the ratio with x and x�T reects the increase
with x of the quark fraction of the (anti)proton parton
distribution function. Adjusting the overall normaliza-
tion of the Monte Carlo result to yield the best �t to the
data, we obtained a �2=d:o:f: of 1.90 (0.48) for the x (x�T )
distribution, respectively. While the x�T distribution of
the data is compatible with both the HERWIG result
and with being at, the measured x distribution clearly
favors a at behavior. If the CSE coupled to quarks but
not to gluons, the CSE fraction would be expected to fol-
low the HERWIG result. The observed at x-dependence
indicates that the relative strength of the CSE e�ective
coupling to quarks and gluons is comparable in magni-
tude to that of the CE coupling.
In the original two-gluon CSE model proposed by

Bjorken [6], the CSE fraction is expected to depend
weakly on �� and decrease with increasing

p
s [7,8]. How-

ever, a more recent calculation, which unitarizes the
gluon exchange amplitude [9] and uses a gap survival
probability and a phase shift as free parameters, al-
lows for CSE fractions which can increase or decrease
with increasing ��. Calculations [10] using a model [11]
based on the BFKL formalism [12] of resummation of
a color-singlet gluon ladder exchange predict a \basi-
cally at" [13] ��-distribution for the CSE fraction. In
\soft color" models [14,15] gaps are formed in normal
CE interactions by (non-perturbative) color rearrange-
ments by soft quarks and gluons. A model applied to
the Tevatron [15], in which the CSE signal is dominated
by quark-(anti)quark scattering, predicts CSE fractions
that rise with x and x�T in a manner similar to that of
the HERWIG Monte Carlo curves shown in Fig. 4 (c,d).
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The same behavior is predicted by a model based on a
hypothetical light U(1) gauge boson, which couples only
to baryon number, proposed [16] to account for the ob-
served rate of rapidity gap production.
In conclusion, we �nd that a fraction R = [2:7 �

0:7(stat)� 0:6(syst)]% of events with two jets of ET > 8
GeV, j�j > 1:8 and �1�2 < 0 produced in �pp collisions
at

p
s = 630 GeV have a rapidity gap attributed to

color-singlet exchange. The ratio of R measured at 630
GeV to that at 1800 GeV is 2:4� 0:7(stat) � 0:6(syst).
The distribution of the CSE fraction as a function of
dijet x�T is compatible with being at, although not in-
consistent with the rising behavior expected for an ex-
change that couples only to (anti)quarks. The shape of
the distribution in jet � separation is also approximately
at, dropping somewhat at large ��. The CSE frac-
tion does not appear to depend on jet x over the range
0:1 < x < 0:7 of our measurement. The x-dependence
of the CSE/CE fraction probes the e�ective coupling of
the CSE to quarks and gluons relative to the coupling
of a single gluon. If the CSE coupled predominantly to
quarks (gluons), the CSE fraction would be expected to
increase (decrease) with increasing x. Within the limits
imposed by the uncertainties in the data points, the ob-
served at x dependence suggests that the CSE and CE
couplings to quarks and gluons have the same relative
strength.
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FIG. 1. (top) Multiplicity distributions (a) for tracks and
(b) for calorimeter towers in the regions j�j < 0:9 for op-
posite-side (OS, �1�2 < 0) dijet events (solid lines), and
j�j < 1:05 (j�j < 1:2) for tracks (towers) for same-side (SS,
�1�2 > 0) dijet events (dashed lines); (bottom) the bin-by-bin
di�erence between OS and SS events normalized to the num-
ber of SS events. The SS distribution is scaled to the OS one
by the ratio of OS/SS events for Ntrack > 0 in (a) and for
Ntower > 2 in (b).
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FIG. 2. Ratios at 630 GeV of gap events (solid points)
and background events (open circles: control sample events
normalized to the estimated 45% background) to all events as
a function of (a) half the pseudorapidity separation between
the jets and (b) the average transverse energy of the jets.
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FIG. 3. Ratio of color-singlet exchange to total number of
events at 630 and 1800 GeV as a function of (a) half the
pseudorapidity separation between the jets and (b) the av-
erage transverse energy of the jets. The solid (dashed) lines
represent the average ratio R1800 (R630).
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FIG. 4. Ratio of color-singlet exchange to total number of
events at 630 (open squares) and 1800 (black circles) GeV as
a function of (a,c) x, the ratio of the jet momentum along
the beam to the momentum of the beam (two entries per
event, one for each of the two leading jets) and (b,d) x�T ,
the average scaled transverse energy of the two jets. The
solid (dashed) lines in (a,b) represent the average ratio R1800

(R630). The solid lines in (c,d) represent the distributions
of the fraction of CE dijet events due to quark-(anti)quark
scattering to all CE dijet events produced by a HERWIG
Monte Carlo simulation, including a simulation of the CDF
detector. The normalization of the Monte Carlo result was
adjusted to yield the best �t to the data.
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